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a b s t r a c t
A kind of robust control of electromechanical actuator (EMA) system for thrust vector
control in a spacecraft was investigated. In the flight of a spacecraft, the EMA system
must overcome the influence of load disturbance and working point alteration to improve
the robust control performances. Addressing this problem and considering the large
inertia and low stiffness load of the EMA system, this paper studied the robust control
technology of the EMA system by H∞ control and µ synthesis theory based on the degree
of freedom (DOF) mathematical model. The H∞ hybrid controller was designed and the
EMA system experiments of three controllers including proportion-integral-differential
controller, H∞ controller and H∞ hybrid controller were conducted. Furthermore, the
µ synthesis controller was designed and the simulation was made on the µ synthesis
controller and the comparison between the control effects of the H∞ controller and the µ
synthesis controller was conducted. The comparison results show that the robust synthesis
control can more effectively handle the parameters perturbation and load disturbance.
© 2011 Elsevier Ltd. All rights reserved.
1. Introduction
The electromechanical actuator (EMA) has been widely used in load manipulating and gesture controlling systems of
aircraft, such as airplanes, spacecraft andmissiles, because the EMA is characterized by amore efficient and simple structure,
better maintenance and is more fault tolerant than actuators based on hydraulic systems [1–3]. Unlike the EMA in general
industry, the EMA in vehicles has different characteristics. The size and mass of the EMA are comparatively small due to
the limit of volume and weight in aircraft. In order to meet the requirements of dynamic response, the EMA should have
faster tracking speed and better tracking precision than one in general industry. The EMA system in aircrafts is generally
considered as a one degree of freedom (DOF) system to be combined by motor rotor and load [4,5]. However, the EMA
system in thrust vector control (TVC) of a spacecraft has large inertia and low stiffness, and its inertia, stiffness and damping
have coupling characteristics because of the transmissionmechanism between themotor and the load. Therefore, one-DOF-
model to describe the EMA contains a large error.
The EMA system [6,7] is a kind of electromechanical motion control system, and is mainly made of an actuator and a
controller. The actuator is mainly made of a servo motor, transmission mechanism, displacement sensor, and so on. The
servo motor applied in the actuator includes a brushless direct current motor [8], a permanent magnet synchronous motor,
spiral motors, and a linear synchronous motor.
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In the flight of a spacecraft, the torque disturbance of the load varies with the flight state to a great extent and has a peak
value. Then the EMA systemmust be able to overcome the torque disturbance produced by themotion of various loads, such
as the engine and nozzle. In addition, the operating point of the EMA is often altered because with the variation of working
environment temperature the motor’s magnetic performance is altered. Another reason of the working point’s alteration
is mainly caused by nonlinear factors in the EMA system, such as the dead zone and the saturation of the drive circuit,
backlash and friction of the transmission mechanism. So the influence of load disturbance and working point’s alteration
and to improve the robustness of the EMA system’s control performances are important problems to overcome. At present,
the effective method to solve this problem is to adopt a robust control law, such as H∞ control, compensation control with
disturbance observer [9], and fuzzy adaptive control [10]. This paper mainly researched using robust synthesized control to
improve the control performance of the EMA in the trust system in a spacecraft.
The residual parts of the paper are arranged as follows: In Section 2, a mathematic model of the EMA system with
large inertia and low stiffness load is built. Section 3 discusses the design and experiment of the H∞ hybrid controller.
The design and simulation of the µ synthesis controller are provided in Section 4. Finally the main conclusions of the paper
are presented.
2. Mathematic model of the EMA system
The EMA actuator system for thrust vector control (TVC) in a spacecraft consists of the direct current brushless motor
(DCBLM), the transmissionmechanism containing two-stage speed reducing gears and a ball-screw, and the servo controller.
The motor angular motion transforms the actuator translational motion by the ball-screw, and the translational motion of
two actuators transforms the angular motion of an engine by the drive mechanism of TVC. The block diagram of the EMA
system in each channel is shown in Fig. 1. The drive bar of the actuator is rigidly connected to the nut of the ball-screw and
is attached to the engine with a gimbal.
Fig. 1. The transmission structure and the control block diagram of the EMA system in one channel.
Fig. 2. The 2-DOF mathematic model of the EMA system in one channel.
To simplify the modeling of the TVC-EMA, the mass properties of the gears, screw, nut and drive pole are converted into
the properties on themotor rotor, and the engine is regarded as the actuators’ load. Then the controlled plant can be thought
of as a 2-DOF servo system [11,12] shown in Fig. 2, which describes the dominant features of the system. Themodeled spring
captures themajor cumulative effects associatedwith the stiffness of drive pole and attachment points, the engine, torsional
windup of the screw, and other actuator components. The damping for this spring will be quite small because it is mainly
structural damping. The inertia Jn is the equivalent inertia for moments of inertia of the rotating and translational actuator
components about the motor rotor, and Jl is the inertia of the engine about its pivot.
Some parameter variations exist in the linear model because of the swing of the engine. However, these effects can be
neglected since the swing amplitudes of the angles are small, typically being less than 10°. For the small swing angles, the
linear relationship between the linear displacement of the actuator and the swaying angle of the engine is as
yl = Hθl (1)
where H denotes the actuator’s moment arm about the load pivot, θl and yl denote the load output angle, and the linear
displacement output of the actuator produced by the load motion, respectively.
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Fig. 3. The transfer function model of the EMA system in one channel.
Using a small angle approximation, the mathematic model of the EMA system in one channel without a controller can
be written as follows [13]:
(1) Actuator
u = Ke
•
θm + 2RI + 2L
•
I (2)
Kt I = Tl/(NηH)+ Jn
••
θ m + bn
•
θm (3)
N = 2πNg/Lb (4)
yn = θmLb/(2πNg) = θm/N (5)
where u, I ,R and Ldenote voltage, current, resistance and inductance of themotor armature, respectively;Ke is the coefficient
of reverse electromotive force, θm is the motor output angle, Kt is the coefficient of electromagnetic torque, Tl denotes the
driving torque to be applied to the load, bn denotes the equivalent damping of the actuator to be converted to the motor
rotor, Jn denotes the moment of inertia to be converted to the motor rotor, N , Ng and Lb are the ratios of motor rotation to
drive bar translation, the reducing ratio of the gears, and Lb denotes the lead of the screw, respectively, and η denotes the
efficiency of the transmission mechanism.
(2) Load
Tl = KcH(yn − yl) (6)
Tl = Jl
••
θ l + bl
•
θ l + Klθl (7)
where Kc is the compound rigidness of the actuator and the load, bl is the equivalent damping of the load, Jl is the moment
of inertia of the load, Kl is the coefficient of elastic torque of the load.
Setting the zero-initial conditions for all physical variables in (1)–(7) and then making Laplace’s transformation to them
yield the transfer function block diagram as shown in Fig. 3, the electrical dynamics are not significant in the overall TVC-
EMA system dynamics because of the fast response of the controller including microprocessor, control circuit, and power
amplifier. Then the model of the controller can be simplified as a proportion dynamic and has been omitted in the progress
of building the model mentioned above.
3. H∞ hybrid controller of the EMA system
In order to increase the EMA system robustness on the uncertainties such as parameters’ perturbation and load
disturbance, to utilize the H∞ control method was applied in the EMA system. The present major problems with standard
H∞ control are that it has the large overshoot of step response and the high orders of the controller. For the purpose
of solving the two problems, this paper produced an improved hybrid control method combination H∞ control with
lead compensation. Three kinds of controllers are designed with MATLAB software in the section, which are the classic
proportion-integral–differential (PID) controller, H∞ controller and improved hybrid H∞ controller. A simulation research
was made in respect of the open loop frequency response and the closed loop step response of the three controllers.
Furthermore, the experiments of the EMA system with three controllers were also conducted. The design of the H∞ hybrid
controller and the experimental study of the controlled plant are only described in the paper, and the others are shown
in [14].
3.1. Design of H∞ hybrid controller
H∞ control is one of the optimized robust control methods, and the solution of the control law is based on the
optimizing problem of the transfer function’s H∞ norm. Here, the transfer function is defined as the external disturbances
to performance targets of the system. The H∞ control deals with shaping the frequency response of the controlled plant,
which will achieve high system gains at the lower frequencies for good disturbance rejection and low gains at the higher
frequencies, so as not to excite the basic structural modes and un-modeled system dynamics. The process of H∞ design
involves shaping the frequency response of the singular values of the sensitivity matrix to a performance specification and
the singular values of the complementary sensitivity matrix to a robustness specification [15].
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Fig. 4. Block diagram of the augmented plant and weighted functions.
Fig. 5. H∞ control block diagram of the EMA system.
Fig. 4 shows that the H∞ controller F(s) in series with the controlled plant G(s) forms a closed loop control system with
a unity negative feedback. Although the plant disturbance d takes effect on the plant G(s), d can in fact be set to enter
the system in the front of the input of G(s) by equivalent transformation of the transfer function, which may predigest
the disposal of problem. In Fig. 4, the transfer function from the command u1 = δc to the error e is defined as the
sensitivity matrix S(s) given by (8), the transfer function from the command u1 = δc to the output y = θl is known as
the complementary sensitivity matrix T (s) given by (9):
S(s) = [I + F(s)G(s)]−1, (8)
T (s) = F(s)G(s)[I + F(s)G(s)]−1 = I − S(s). (9)
Fig. 5 shows the block diagram of the augmented system, i.e. general double ports frame plot of weighted sensitivity
functions. According to the error e, i.e., e = y2 = u1 − y, the controller determines the control signal and feeds to the
controlled plant. The error e is weighted by the specification W1 and produces y11, the output y from G is weighted by the
specification W3 and produces y13, which together make the output y1. Generally, y1 includes the output y11, y13 and y12,
which is produced with the output u2 from F weighted by the specification W2. The controller does not need to select the
weighted functionW2, butW2 is set a baby-size value for meeting the existent condition of the H∞ controller in the solving
procedure.
The key of H∞ controller design is to select weighted functionsW1(s) andW3(s), i.e., selecting performance specification
1/W1 and robustness specification 1/W3 [16]. 1/W1 is the boundary of the magnitude frequency response of S(s) and 1/W3
is the boundary of the magnitude frequency response of T (s). Through simulation, the gain of 1/W1 is selected as −65 dB
for frequency at 1 rad/s and +6 dB for frequency at 103 rad/s, the gain of 1/W3 is maintained +26 dB below 20 rad/s and
−14 dB above 104 rad/s. The expressions ofW1 andW3 are shown in (10) and (11):
W1(s)−1 = 144(s+ 2)
2
77.8(s+ 100)2 , (10)
W3(s)−1 = s+ 100005(s+ 100) . (11)
Based on the selection of the augmented plant and weighted functions mentioned above, the H∞ controller is solved by
MATLAB software.
The designing results of the H∞ controller illustrate that the overshoot in the step response of the EMA system is a little
larger, so the EMA is under damped. To reduce the overshoot, without increasing the order of the controller, we put forward
an improved H∞ hybrid controller with lead compensator. First, the H∞ controller should be simplified; then to combine
the reduced order H∞ controller with lead compensator yields an improved hybrid robust controller.
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Fig. 6. Experimental hardware of PID controller, H∞ controller and H∞ hybrid controller.
At first, all the observability and controllability grammians of the H∞ controller states are ordered by using MATLAB
balreal command to determine which states can be eliminated without a significant degradation in performance. The
grammians ordered from the greatest to the least are g = (2001 1 922 566.7 497.5 13.6 3.9), from which the last two
states are eliminated for their being discrepant greatly with the rest. Secondly, the order of the H∞ controller is reduced by
using MATLAB ordered command. Thirdly, applying the bilinear transformation to the transfer function yields the discrete-
domain transfer function. The expression Dr−Hinf (z) of the order-reduced H∞ is as follows
Dr−Hinf (z) = 1293− 2383z
−1 − 198.8z−2 + 2383z−3 − 1095z−4
1− 0.9019z−1 − 0.7858z−2 + 0.2864z−3 + 0.4013z−4 . (12)
Finally, a 42°. phase lead compensator is designed. The phase lead transfer function is of the form in (13), where α =
[1− sin(42°)]/[1+ sin(42°)] = 0.1982, ωp = 150 rad/s.
Glead(s) = (s+ ωp)
α(s+ ωp/α) . (13)
This lead compensator is in series with the reduced-order H∞ controller, seen in Fig. 5, so that they form a hybrid
controller. Using the bilinear transformation s = 2T z−1z+1 |T=0.001 to replace s in (13), we can get the discrete expression of
the hybrid controller shown as
DHybrid(z) = Dr−Hinf (z)D[Glead(s)] = 5088− 13750z
−1 + 7284z−2 + 10050z−3 − 12370z−4 + 3705z−5
1− 1.353z−1 − 0.379z−2 + 0.6408z−3 + 0.2721z−4 − 0.181z−5 . (14)
3.2. Experimental study
In order to validate the different results of the three controllers and apply robust control to the EMA system, we carry out
an experimental research. Fig. 6 schematically illustrates the experimental systemused, whichmainly contains an industrial
control computer with a multi-functions interface card for data acquisition(12bit-16CH A/D) and control output(12bit-2CH
D/A), a robust synthesized digital controller which runs under the real-time operating system, the actuator controller which
contains the velocity loop, the electricity current loop, pulse-width-modulated(PWM) amplifier [17] and driving circuit, the
EMA, and a torque spanner used to generate a disturbance torque. The direction of the disturbance torque is reverse to the
rotational direction of the output axes.
By the action of the three controllers, the EMA is input the 20° transient command signal respectively, and its transient
responses are recorded to compare the dynamic performances of the three controllers. Then, when the output reaches the
steady state of response, the disturbance torque is quickly applied in the output axes of actuator with the torque spanner.
When the disturbance torque reaches 20 N m, the torque spanner will be released from the output axes of actuator. In the
experimental process, the disturbance responses of EMA system are recorded to compare the three controllers’ robustness
of disturbance rejection.
The test results are shown in Fig. 7. Fig. 7 illustrates that the EMA system with the PID controller has the rise time of
0.07 s, the steady state error of 0.02°, the overshoot of 1.6% and the output change of 0.68° caused by torque disturbance.
With theH∞ controller, the rise time is 0.069 s, the steady state error is 0.04°, the overshoot is 5.0% and the output change of
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(a) The overall experimental curve of transient response. (b) Local detail drawing of transient response curve.
(c) Local detail drawing of disturbance response.
Fig. 7. Experimental results of three kinds of controllers.
disturbance is 0.44°. With the hybrid robust controller, the rise time is 0.073 s, the steady state error is 0.04°, the overshoot
is 1.9% and the output change of disturbance is 0.47°. It is obvious that the robust and dynamic performance of the EMA
with the hybrid controller is the best among the three kinds of controllers.
4. µ synthesis controller of the EMA system
In the flight of a spacecraft, the EMA system must be able to overcome the influence of structural uncertainty such as
parametric perturbation. In order to restrain the influence of the system’s performances affected by mixed uncertainties
composed of parametric perturbation and modeling error, the robust control technology for the EMA system driving large
inertia and low stiffness load was researched via µ synthesis theory. Aiming at the performance requirements of the
controlled plant in position command tracking and torque disturbance restraint, the µ synthesis controller was designed
by managing two kinds of uncertainties and selecting the weighting functions. The closed loop systemwith theµ synthesis
controller in the normal case and the most positive & negative perturbations was simulated by MATLAB, and its control
performances were researched and compared with the performances of the H∞ controller. The design of the µ synthesis
controller and the simulation of the controlled plant in position command tracking are only described in the paper, and the
details of the others are shown in [18].
4.1. Design of µ synthesis controller
The design process ofµ synthesis controller is mentioned below: Firstly, the uncertainties are treated and the weighting
functions are selected; Then the input and output variables of the augmented controlled plant are confirmed and the closed
loop control diagram of the augmented system is obtained; finally, the µ synthesis controller is solved by the iterative
operation method of D− K or µ− K .
Addressing the parametric perturbation of equivalent damping of the actuator bn and moment of inertia of the load Jl,
the parametric uncertainty block can be separated by linear fractional transformation (LFT). Supposed the expressions of bn
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Fig. 8. Block diagram of robust µ synthesized control for the EMA.
and Jl are shown in (15), their model of LFT can be found in (16) and (17).
bn = bn0(1+ δ1σn) |δ1| ≤ 1
Jl = Jl0(1+ δ2σl) |δ2| ≤ 1 (15)
where bn0 and Jl0 are normal values of bn and Jl respectively, δ1 and δ2 are perturbation parameters, σn and σl are change
range of bn and Jl respectively.
bn = Fu(Mn, δ1)
ω1
qn

= Mn

z1
pn

, Mn =

0 bn0σn
1 bn0

(16)

Jl = Fu(Ml, δ2)
ω2
ql

= Ml

z2
pl

, Ml =

0 Jl0σl
1 Jl0

(17)
where qn and pn are the output and input of bn respectively, ql and pl are the output and input of Jl respectively, z1 and ω1
are the output and input of δ1 respectively, z2 and ω2 are the output and input of δ2 respectively.
The modeling error of the EMA system is nonstructure uncertainty and can be described by multiplying the uncertainty
model in the input of the system. Adding the multiplying uncertainty model is to restrict the input of the controlled plant,
i.e. the output of controller, without increasing the weighting functions. Supposing G0 is the transfer function model of the
system, the system model with the multiplying uncertainty can be expressed in (18).
G0m = [I +∆uWu]G0 (18)
where∆u is the uncertainty function, ∥∆u∥∞ ≤ 1;Wu is the weighting function of the multiplying uncertainty upper limit,∥∆u∥∞ ≤ ∥Wu∥.
Next, we analyze the systemperformances and select theweighting functions. The designing demands of the EMA system
are mainly position command tracking performances, so the weighting function We1 can be selected on control error e1,
i.e. the difference of position command r and the output angle of actuator θn. According to characteristics of the 2-DOF
system and driving large inertia and low stiffness load, the weighting function We2 can be selected on control error e2,
i.e. the difference of the output angle of actuator θn and the output angle of load θl. Because of the requirement of torque
disturbance restraint of the EMA system, the weighting function WT can be selected on external disturbance torque Td.
Considering the influence of the sensor’s measuring noise, the measuring noise n is added to the output angle of actuator θn
by the weighting functionWn. In addition, the weighting functionWr is selected on the position command r .
To sum up, we can obtain the closed loop control diagram of the augmented controlled plant shown in Fig. 8. Separating
all the uncertainty blocks and the controller, the augmented controlled plant P(s) used in µ synthesis can be shown in the
dashed frame in Fig. 8, which includes the actuator’s model Gn, the load’s model Gl and all the weighting functionsWr ,WT ,
Wn, We1, We2, Wu. Outside the dashed frame, K(s) is the controller, ∆u is the modeling uncertainty function, δ1 and δ2 are
perturbation parameters of bn and Jl respectively, and∆p is the performances uncertainty block mentioned below.
Addressing the parametric perturbation block and themultiplying uncertainty block, thematrix of the hybrid uncertainty
block is defined in (19).
∆1 =

∆u 0 0
0 δ1 0
0 0 δ2

: ∥∆1∥∞ ≤ 1

. (19)
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Fig. 9. The general diagram of µ analysis and design.
In order to make the closed loop system satisfy the demands of command tacking and disturbance restraint, the
uncertainty block ∆p denoting the two performance targets can be introduced, and the augmented uncertainty block ∆
is defined as
∆ =

∆1 0
0 ∆p

: ∥∆∥∞ ≤ 1,∆p ∈ Ca×b

, (20)
where a and b are the input and output vector dimensions expressing the performance targets. The output variables of ∆p
are r , Td and n; the input variables of∆p are e1 and e1, shown in Fig. 8.
Supposed the external input d includes position command, torque disturbance andmeasuring noise, i.e. d = [r Td n]; the
control output e includes two control errors, i.e. e = [e1 e2]; the input of hybrid uncertainty is ω = [ωu ω1 ω2], the output
of hybrid uncertainty is z = [zu z1 z2]; and the input and output of the controller are y and u respectively, we can deduce
the general diagram of µ analysis and design shown in Fig. 9.
From Fig. 9, the expression between the input and the output of P(s) can be obtained as e
z
y

= P(s)
d
ω
u

, P(s) ∈ FRm×n (21)
where FRm×n denotes the real transfer function matrix withm× n order,m = 6 and n = 7.
Theµ synthesis process means that the stable controller is searched for in the controllers of modulating P(s)whichmust
meet (22). The process can be realized with the iterative operation method of D− K .
max
ω∈R
µ∆[Fl(P, K)(jω)] ≤ 1
max
ω∈R
µ∆[Fl(P, K)(jω)] → min . (22)
In order to compare the µ synthesis control with the H∞ control, the H∞ controller is also designed with the condition
of selecting the same weighting functions. The equations of µ synthesis controller and H∞ controller are omitted here.
4.2. Simulation study
Setting the actuator output angle θn and the load output angle θl as performance targets, the step responses of the normal
system and perturbation systems are simulated. The normal system means that the parameters of controlled plant is set to
normal values andwith nomodeling error. The cases of the perturbation system are complex, andwe select two limit cases:
setting δ1 = 1, δ2 = 1 in (15) and ∆u = 1 in (18), the most positive perturbation system can be gained; setting δ1 = −1,
δ2 = −1 in (15) and∆u = −1 in (18), the most negative perturbation system can be gained.
The response of the normal system is provided on the H∞ controller. The responses of the normal system and the most
positive and negative perturbation system are provided on theµ synthesis controller. With the action of the H∞ controller,
the system step response of output angle is shown in Fig. 10; with the action of the µ synthesis controller, the system step
response of output angle is shown in Fig. 11.
It can be seen from Fig. 10 to 11 that compared with the H∞ controller, the µ synthesis controller makes the starting
segment of the system position step response smooth and rapid. Furthermore, with the action of theµ synthesis controller,
the rapidness of the system is improved greatly and the resonance peak value is obviously restrained. It can be seen from
Fig. 11 that the overshoot of the load output angle is larger than the actuator output angle because the load has the
characteristics of large inertia and low stiffness.
With the action of the µ synthesis controller, the most positive and negative perturbation system, compared with the
normal system, the steady state error and the rise timeof the position step response nearly haveno alteration,which explains
that the robustness of steady state precision and the rapid performance is good; but the overshoot of the load changes is
comparatively large, and the overshoot of the actuator changes little, which possibly means that the feedback of the closed
loop control is educed from the actuator.
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Fig. 10. The step response of the EMA system with the H∞ controller.
(a) The response of the actuator output angle. (b) The response of the load output angle.
Fig. 11. The step response of EMA system with the µ synthesis controller.
5. Conclusions
Addressing the characteristics of a load with large inertia and low stiffness, we built a 2-DOF mathematic model of the
EMA system for thrust vector control in a spacecraft. In order to improve the EMA system’s robustness on the uncertainties
in the flight of a spacecraft, we researched the robust control technology for the kind of EMA system driving a large inertia
and low stiffness load with H∞ control andµ synthesis theory. In the paper we designed an improved H∞ hybrid controller
and a µ synthesis controller, which can greatly improve the dynamic performances, control robustness and can favorably
solve actual problems for the EMA system applied to spacecraft.
The conclusions can be obtained in the paper as follows:
(1) The mathematical model of the TVC-EMA system driving the large inertia and low stiffness load can be built according
to a 2-DOF system.
(2) The improved hybrid H∞ controller can achieve satisfactory control effect with strong robustness and small overshoot.
(3) The µ synthesis controller can effectively improve the conservative results of the H∞ controller with a condition of
selecting the same weighting functions, and can make the closed loop system have preferable performance robustness.
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